Fatty acid hydroperoxides arise from unsaturated fatty acids in the presence of oxygen and elevated temperature during processing of food. Here we have studied their effects on gene expression in colorectal tumor cells using linoleic acid hydroperoxide (LOOH) as a model compound. Its addition to the medium of LT97 human adenoma cells and SW480 human carcinoma cells enhanced the production of intracellular hydrogen peroxide. Furthermore, in both cell lines, increases in VEGF mRNA and protein were observed. Unoxidized linoleic acid had little or no activity. Concomitantly, COX-2 expression was up-regulated. In the LT97 cells, the COX inhibitors SC58560 and SC58236 completely prevented the VEGF induction, suggesting that the effect was dependent on prostaglandin synthesis. In vivo prostaglandinmediated induction of VEGF secretion is known to be essential for the growth of adenomatous polyps and their progression to carcinomas. Therefore, our results for the first time implicate dietary lipid hydroperoxide as a key risk factor in colon carcinogenesis.
heating and curing of meat may result in the formation of important carcinogens, including heterocyclic amines, nitrosamines, and polycyclic aromatic hydrocarbons, the principal relevance of which for human carcinogenesis has been shown in numerous studies (8) . Products of lipid processing as potential procarcinogenic constituents in the diet have been given little attention.
Recently, oxidants from endogenous sources have been considered as procarcinogenic agents. These include lipid peroxides formed from polyunsaturated fatty acids (PUFA) during (chronic) inflammation (9, 10) and after mitochondrial or other types of cell damage. Their function in relation to cancer is being studied intensively (11) (12) (13) (14) (15) . Similar oxidation products may be formed exogenously from PUFA during food processing, but their potential role in colon cancer etiology has not yet been assessed (10, 16, 17) . PUFA in fats and oils are oxidized already at room temperature when exposed to oxygen. The reaction is greatly enhanced at higher temperatures during the cooking process. Consequently, fatty acid hydroperoxides are normal contaminants of our diet. As much as 25% of oxidized polar compounds consisting of hydroperoxides and their split products have been found in oils repeatedly used for frying (18) . Using lipid membranes and tissue culture models, we have shown that such hydroperoxides interact with the lipid bilayer of cell membranes. They induce the formation of lipid radicals that enter the cells and cause toxic damage and disturbance of regulatory networks (9) .
In the present study, we have investigated the possibility that fatty acid hydroperoxides contribute to tumor growth and/or progression. Like other tumors, colorectal carcinomas develop in a long-term process involving the accumulation of mutations in tumor cells and progressive deregulation of growth (19) (20) (21) . The earliest lesions are aberrant crypts and microadenomas that slowly grow into larger adenomatous polyps from which most carcinomas arise (22) . A necessary prerequisite of polyp growth is the formation of new blood vessels. In adenomas, cyclooxygenase-2 (COX-2) is up-regulated producing PGs that in turn induce expression of vascular endothelial growth factor (VEGF). The latter is known to stimulate vascularization (23, 24) .
Here we show that the model compound linoleic acid hydroperoxide (LOOH) stimulates expression of COX-2 and VEGF synthesis in LT97 adenoma and SW480 carcinoma cells from the human colon. Since these two genes are known to induce blood vessel formation in colon polyps in vivo, our present results suggest that dietary lipid hydroperoxides may have this effect in vivo and thereby accelerate one of the key rate-limiting steps in colorectal carcinogenesis.
MATERIALS AND METHODS

Synthesis of LOOH
LOOH was synthesized according to O'Brien (25) and characterized as described earlier (26) . LOOH stock solution was prepared in ethanol and stored in liquid N 2 to protect from further oxidation. Concentration of the resulting hydroperoxide was determined photometrically at 234 nm, and purity was assessed by gel chromatograpy (26) .
Cell lines
SW480 human colon carcinoma cells were obtained from the American Type Culture Collection. The cell line was kept under standard tissue culture conditions using minimal essential medium (MEM) containing 10% fetal calf serum (FCS). LT 97 human colon adenoma cell line was established in our laboratory (27) . It was cultured in Ham's F-12 medium containing 20% L-15 medium, 2% FCS, 2 × 10 −10 M triiodotyronine , 2 µg/ml transferrin, 1 µg/ml hydrocortisone, 5 × 10 −9 M Na-selenite (basic Ham's 12), 10 µg/ml insulin, and 30 ng/ml epidermal growth factor (EGF) and had a doubling time of 96 h.
Cell treatment
Linoleic acid (LH) and LOOH were diluted into medium containing 1 mg/ml BSA from ethanol stocks and dispersed by sonication for three times 5 s immediately before use. The final concentration of ethanol in medium was <0.05%.
SC58560 and SC58236 were a generous gift from Searle (Skokie, IL). Stock solutions were prepared in DMSO and stored at -20°C.
Cell number
For determination of cell number, neutral red (50 µg/ml) uptake from serum-free MEM during 2 h was measured. The dye is taken up into the lysosomes of viable cells from where it can be recovered with 1% acetic acid in 70% ethanol. 
Determination of intracellular hydrogen peroxide
Production of VEGF
Cultures were grown in 6-well plates and exposed to control-, LOOH-, or LH-containing medium. Conditioned media were collected at the indicated time points and cleared by centrifugation, and VEGF concentration was determined by ELISA. ELISA kits for human VEGF were obtained from R&D Systems Europe (Abingdon, UK) and used according to the instructions of the manufacturer.
Isolation of RNA and reverse transcriptase (RT)-PCR
Cells were exposed as described above, and RNA isolation was performed using a standard Trizol-extraction protocol (Life Technologies, Gibco-BRL). Purity and quantity of the RNA were determined using agarose gel electrophoresis and photometry. cDNA synthesis was performed on 2-5 µg of total RNA with oligo-dT primers for 1 h at 42°C using MMLV reverse transcriptase (Sigma, St. Louis, MO).
Genes of interest were amplified from cDNA samples by standard PCR cycles of 1 min denaturation (94°C), 30 s annealing, and 1 min synthesis at 72°C. Details for individual genes are given in Table 1 . Products were separated on 6% acrylamide gels using 0.5 µg/ml ethidium bromide for staining. GelDoc 2000 system and the program Quantity One 4.2.1. (Bio-Rad Laboratories) were used for quantitation.
Real-time PCR
COX-2, VEGF, and GAPDH were amplified from cDNA samples by real-time PCR using a ABI PRISM 7000 (Applied Biosystems, Foster City, CA). After denaturation for 10 min at 95°C 40 cycles of 15 s denaturation (95°C) and 60 s, annealing and synthesis at 60°C were performed using TaqMan assay on demand kits (Table 2 ) and TaqMan Universal PCR Master Mix.
Statistics
All experiments were performed at least three times. If not otherwise indicated, data are expressed as means ± SE, and statistical differences were determined using ANOVA with significance considered as P < 0.05.
RESULTS
Toxic effects of fatty acid hydroperoxide
LOOH was added to cultures of SW480 colorectal carcinoma cells together with DCHF to detect formation of H 2 O 2 . Control cultures received LH. Fluorescence was detected in the LOOH group at a much higher frequency than in the controls (Fig. 1A ).
To quantify H 2 O 2 formation, the incubation was repeated using cell suspensions of SW480 carcinoma cells and of LT97 adenoma cells and fluorescein production was measured by FACS analysis. In SW480 cells, H 2 O 2 was increased in a dose-dependent way (Fig. 1B) . LT97 adenoma cells had a fivefold higher baseline production of H 2 O 2 ; probably because of the high baseline production, LOOH induced a slight further increase that did not become significant (Fig. 1C) .
Cytotoxic effects of LOOH and LH were analyzed by diluting the compounds into the medium of SW480 carcinoma cells and of LT97 adenoma cells. Cell number as determined by neutral red uptake after 24 h decreased after addition of LOOH in a dose-dependent way in both cell lines ( Fig. 1D and E) . LH did not affect cell number, indicating that the toxic effect was mediated by the hydroperoxide moiety rather than the fatty acid characteristic of LOOH. From these results, 20 and 30 µM were identified as standard concentrations for further analysis of SW480 and LT97 cells, respectively.
Stimulation of VEGF production
To study the possibility that LOOH affects tumor growth and invasiveness, the effect of standard hydroperoxide concentrations defined above on VEGF production was measured. Cells were exposed to LOOH or LH for 24 h, conditioned media were collected, and mRNA was isolated from treated cultures. VEGF production determined by ELISA was 516.4 ± 4.8 pg/ml in SW480 cultures and 782.5 ± 150.6 pg/ml in LT97 cultures. After normalization to the controls, it was found to be stimulated by LOOH but not by LH in both SW480 and LT97 cells. The increase was 47 and 37%, respectively ( Fig. 2A) .
VEGF gene expression was determined by real-time PCR and also found to be stimulated by LOOH, and LH was without effect. In SW480 cells, mRNA levels were increased ~2.4-fold (P=0.007) after 24 h (Fig. 2B) . In parallel, standard RT-PCR was performed using primers that span most of the coding region of the VEGF gene to detect all known splice variants. Two main PCR product bands were obtained in all our experiments representing the VEGF121 and VEG165 variants that are the most common in colorectal cancer cells (Fig. 2C) . In the LOOH group, both isoforms were increased as compared with control and LH and no shifts in the relative amounts of the isoforms were observed.
In LT97 after 24 h LOOH exposure, VEGF mRNA was only tendentially higher than control or LH-exposed cultures (not significant at P=0.177). Consequently, earlier time points were analyzed by semiquantitative RT-PCR (Fig. 2D) . Although VEGF mRNA in LOOH groups was higher than control levels throughout the experiment, the effect became only significant at 3 h (184%; P=0.018). In addition, VEGF expression in LT97 cells incubated with LH was also increased above control (162%; P=0.031). For a more precise quantitation, analysis of mRNA after 3 h exposure was repeated by real-time PCR (Fig. 2E) . The results confirmed elevated VEGF mRNA in both the LOOH (2-fold, P=0.002) and the LH (1.3-fold, P=0.034) groups for LT97 adenoma cells at this time point.
Regulators of VEGF expression
In the min-mouse in vivo model of colon carcinogenesis, VEGF production in early adenomas is mediated by PGE 2 (24, 28, 29) . The possibility that LOOH acts via this pathway was investigated by analysis of COX-2 expression in LT97 cells exposed to LOOH. The fraction of COX-2 mRNA was determined by RT-PCR after 1, 3, and 6 h of exposure. At 3 h, COX-2 expression in the LOOH group was increased, while there was no significant change in COX-2 expression in the LH group (Fig. 3B) . The results were confirmed using real-time PCR (Fig. 3A) . COX-2 mRNA was increased about threefold in the LOOH group (P=0.015) and remained unchanged in the LH group (not significant at P=0.289). The expected increase of PG synthesis could not be reliably demonstrated because LOOH interfered with the enzyme reaction of the PGE 2 -ELISA detection (not shown).
As a lipophilic toxic compound, LOOH could activate phospholipase A 2 and so expand the arachidonic acid pool and increase PG formation from both COX-1 and COX-2. To assess the impact of individual COX-isoenzymes, specific inhibitors for COX-1 or COX-2 were used to block PG production and the effect on VEGF expression was determined. The compounds used were SC58560 (IC 50 COX-1=7 nM) and SC58236 (IC 50 COX-2=5 nM); 1 and 5 µM of each inhibitor were added to the incubation medium, and VEGF expression was determined by RT-PCR. SC58560 by itself induced VEGF expression in a concentration-dependent way. However, in LOOH-stimulated cultures, the inhibitor efficiently prevented VEGF induction (Fig. 3C) . SC58236 did not affect basal VEGF expression but prevented the induction by LOOH (Fig. 3D) .
Because alternative control mechanisms of VEGF expression could be mediated by AP1, expression of c-fos was also studied. The results are presented in Fig. 4 : in SW480 cells, the response was weaker and was only observed at the 1 h time point (Fig. 4A) but not at 0.5 or 3 h (data not shown). In LT97 cells, c-fos expression was increased by LOOH throughout the experiment (from 0.5 until 3 h after LOOH addition; Fig. 4B ).
DISCUSSION
Dietary fat enhances tumor development in the colon. The mechanistic components of this effect are selective growth stimulation and expression of tumor-related genes in a premalignant cell population. The growth of colorectal adenomas depends on the induction of VEGF and consequential vascularization. This occurs already in early adenomas and is stimulated by tumor promoting PGs, especially PGE 2 . In the min-mouse model of colon carcinogenesis, inhibition of PG synthesis as well as deletion of COX-2 or of the PG receptor EP 2 prevents VEGF production, vascularization, and polyp growth (24, 28, 29) . Our results show for the first time that LOOH, a model compound representative for the fatty acid hydroperoxides formed in dietary lipids during heating in the presence of oxygen and consequently a frequent dietary contaminant, can induce this key step in tumor development (9) . This finding may be of general pathophysiological interest: colorectal cancer is frequently associated with chronic inflammation, which should provide considerable levels of endogenous lipid peroxidation. However, particularly in cases of colorectal cancers not associated with significant inflammation, dietary lipid hydroperoxides may be important exogenous risk factors.
In the presence of transition metals, LOOH forms alkoxy radicals in a Fenton-type reaction. Alkoxy radicals rapidly rearrange giving carbon-centered radicals that can be detected by spin trapping EPR (26) . LOOH-derived radicals induce a lipid peroxidation chain reaction, damaging colon cells and leading to apoptosis and necrosis at higher LOOH concentrations (9) . Per se this could stimulate growth of preneoplastic lesions and development by causing inflammation and selective proliferation (30) .
Lipid hydroperoxides can also react with other food constituents such as iron and nonoxidized LH enhancing the fatty acid hydroperoxide concentration as it has been shown by the incubation in simulated gastric fluid (31) . Some animal studies demonstrate that lipid hydroperoxides also decompose to aldehydes in the stomach; however, decomposition is not complete at higher concentrations so that hydroperoxide passes into the intestines (32) . Fecal water contains up to 1 mM fatty acids (33) , so that 20-30 µM peroxide concentration, as used in the present work, may well occur in the colon.
These concentrations of LOOH increased the intracellular formation of hydrogen peroxide but did not cause significant cell loss when added to the culture medium of either LT97 adenoma or SW480 carcinoma cells. Hydrogen peroxide can arise from spontaneous or catalyzed dismutation of superoxide radicals, which are formed from the rearrangement of lipid hydroperoxyradicals (34). This makes the increasing level of H 2 O 2 an indicator of LOOH exposure even though high levels of H 2 O 2 per se were not toxic in LT97 cells. Intracellular reactive oxygen species activate redox-sensitive transcription factors switching on the expression of several genes (reviewed in ref 35) . The promoter region of the VEGF gene contains binding sites for such redox-sensitive transcription factors such as AP-1, SP-1, and HIF-1, so that modulation of VEGF expression by LOOH could be expected. Actually, a number of papers report on VEGF induction by prooxidants such as hydrogen peroxide (36) (37) (38) (39) , superoxide (39) , arsenite (40) , advanced glycosylation products (41) , and NO (42). Our results on VEGF induction by prooxidative LOOH are in agreement with these observations. In the SW480 carcinoma cells, VEGF induction was only observed in cultures exposed to LOOH but not in LH exposed controls. In the LT97 adenoma cells, the distinction was less clear: both LOOH and LH stimulated VEGF gene expression even though the effect induced by LOOH was always stronger. This could be due to the five times higher level of endogenous H 2 O 2 in the LT97 cells as compared with SW480 carcinoma, which may have caused oxidation of LH to LOOH. A high level of oxidative stress markers and DNA-ethenoadducts was found specifically in adenomas of the colon in vivo (10) so that premalignant lesions might be capable of forming hydroperoxide from dietary PUFA in vivo. However, actual production of VEGF protein was not stimulated supporting a stronger procarcinogenic activity of LOOH compared to LH.
Although LOOH increased VEGF concentrations in the medium in both cell lines, mRNA levels at 24 h were only increased in SW480 cells. In LT97 cells, gene expression was up-regulated already 3 h after addition of LOOH. At later times (6 and 24 h) although expression was still slightly higher than in controls, no significant stimulation was observed. In vivo VEGF expression in adenomatous polyps has been shown to be dependent on COX-2 up-regulation and PGE 2 production (24). In LT97 cells, COX-2 expression was increased 1, 3, and 6 h after LOOH addition. Inhibition of COX-2, but also of COX-1, blocked VEGF expression in the adenoma cells, indicating that either COX enzyme could provide the PGs necessary for VEGF induction. LOOH has previously been shown to interact with cell membranes (9) . It might well activate phospholipases that increase the arachidonic acid pool and consequently the activity of COX-1.
Alternatively, VEGF and COX-2 could be regulated independently by AP1-mediated gene expression. In LT97 cells LOOH induced an extended up-regulation of c-fos from 0.5 to 3 h after addition to the medium. In SW480 carcinoma cells, induction of c-fos was much less pronounced: it was only significantly increased at the 1 h time point.
In summary, our results indicate that LOOH, considerable quantities of which may occur in typical western style diet, can induce expression of both COX-2 and VEGF and may be an important exogenous risk factor of colorectal carcinogenesis. Their effect can be blocked by inhibitors of PG synthesis. 
